Highlights d High-binding-efficiency ligands of METTL3-14-WTAP are identified in silico d The binding mode of compounds overlaps with the METTL3-14-WTAP active site d The compounds are experimentally characterized as METTL3-14-WTAP activators d The compounds affect m 6 A level in mRNA and rRNA in cells SUMMARY Chemical modifications of RNA provide an additional, epitranscriptomic, level of control over cellular functions. N-6-methylated adenosines (m6As) are found in several types of RNA, and their amounts are regulated by methyltransferases and demethylases. One of the most important enzymes catalyzing generation of m6A on mRNA is the trimer N-6-methyltransferase METTL3-14-WTAP complex. Its activity has been linked to such critical biological processes as cell differentiation, proliferation, and death. We used in silico-based discovery to identify smallmolecule ligands that bind to METTL3-14-WTAP and determined experimentally their binding affinity and kinetics, as well as their effect on enzymatic function. We show that these ligands serve as activators of the METTL3-14-WTAP complex.
In Brief
The methyltransferase complex METTL3-14-WTAP catalyzes generation of m 6 A on mRNA. Selberg et al. report the in silico discovery and experimental characterization of small-molecule compounds with exceptionally high binding efficiencies to METTL3-14-WTAP. Remarkably, these compounds act as enzyme activators and lead to increased m 6 A levels in RNA.
INTRODUCTION
Chemical modifications of RNA have recently been identified to have an increasing, unprecedented, and species-wide conserved impact on several critical cellular functions, such as proliferation, survival, and differentiation, mostly through the regulation of RNA stability (Helm and Motorin, 2017; Mauer et al., 2017; Xiang et al., 2017) . The most abundant modification in eukaryotic mRNA is N-6-methyladenosine (m6A) (Roundtree et al., 2017; Meyer and Jaffrey, 2017) . In addition to mRNA, this modification also appears in long non-coding RNAs (Pan, 2013) and microRNAs (Alarcó n et al., 2015) , thus covering the whole epitranscriptome. The abundance of m6A-modified RNAs is associated with the control of cell fate decisions of both stem and somatic cells (Yoon et al., 2017; Guo et al., 2017; Wu et al., 2016a; Chen et al., 2015; Batista et al., 2014) and essential for the development and functions of several tissues, including liver, kidney, and brain (McGuinness and McGuinness, 2014; Meyer et al., 2012) .
The methylation of N-6-adenosine in RNA is a dynamic and reversible process. Formation of m6A is catalyzed by a methyltransferase complex that contains methyltransferase-like 3 (METTL3), methyltransferase-like 14 (METTL14), and Wilm'stumor-1-associated protein (WTAP) (Ping et al., 2014) . Recently, recombinant proteins were used for mapping the binding surfaces within the METTL3-14-WTAP complex (Schö ller et al., 2018) . Moreover, a single enzyme METTL16 was identified as another active m6A methyltransferase in human cells (Warda et al., 2017) . The reverse reaction-namely, m6A demethylation-is carried out by two enzymes: the fat-mass-and obesity-associated protein also known as a-ketoglutarate-dependent dioxygenase (FTO) (Jia et al., 2011) and the RNA demethylase ALKBH5 (Zheng et al., 2013) . The RNA methylation is also regulated by YTH domain family proteins widely expressed in eukaryotes (YTHDF1-3, YTHDC1, and YTHDC2) (Wu et al., 2016a; Patil et al., 2018) .
It has been shown that thousands of mRNAs have increased half-lives (2-fold or more) in mammalian cells from which METTL3 expression has been knocked out . The dynamic nature of m6A modifications in RNA has been well evidenced by the differential, phenotype-dependent effects in METTL3 knockdown cells. For example, in naive pluripotent cells, low METTL3 expression leads to a ''hyper-naive'' pluripotent state, whereas during a differentiation-primed state, it promotes cell differentiation (Zhao and He, 2015) . Thus, small-molecule ligands that modify the amount of m6A in RNA can be expected to serve as invaluable tools for deciphering the functional biological roles of this major epitranscriptomic chemical modification. Furthermore, such ligands may have significant implications for regenerative medicine, as the safety and efficacy of embryonic and other stem cells for tissue regeneration depend on guiding cell differentiation as fully as possible toward the desired therapeutic phenotype.
Interestingly, activity-modifying ligands of METTL3-14-WTAP can also have anticancer effects (Deng et al., 2018a (Deng et al., , 2018b Wang et al., 2018; Boriack-Sjodin et al., 2018) . Overexpression of METTL3 or inhibition of the RNA demethylase FTO suppresses the growth and self-renewal of glioblastoma stem cells and tumorigenesis (Wu et al., 2016b) . The activators of METTL3-14-WTAP could, therefore, be potential anticancer agents against glioblastoma. Dysregulation of METTL3 expression has also been implicated in the growth control of human lung cancer cells (Lin et al., 2016; Du et al., 2017; Martin and Park, 2018) . The role of the m6A methylation in the development of myeloid leukemia is less understood. It has been shown that FTO, as an m6A demethylase, plays a critical oncogenic role in acute myeloid leukemia . On the other hand, downregulation of METTL3 can result in cell cycle arrest, differentiation of leukemic cells, and failure to establish leukemia in immunodeficient mice (Barbieri et al., 2017) . In addition, m6A modifications in viral transcripts have been implicated in the control of virus gene expression in host cells. Recent data generated using HIV-1 as a model system strongly suggest that increased methylation of N-6-adenosine enhances virus replication . Likewise, m6A residues in influenza A virus (IAV) transcripts promote viral gene expression . Therefore, controlling the activity of the METTL3-METTL14 methyltransferase is considered as a drug target to suppress HIV-1 or IAV replication or even to activate latent, hiding viruses. In contrast, depletion of m6A methyltransferases has been shown to increase production of infectious hepatitis C virus (HCV) particles (Gokhale et al., 2016) . Thus, the activation of METTL3-METTL14 would have the antiviral effect against HCV.
Pharmacological modulation of epitranscriptomic pathways-RNA methylation, in particular-by small-molecule modulators (inhibitors and/or activators) holds immense therapeutic potential and promise for advancing traditional and regenerative medicine. We describe here the discovery of the first ligands by virtual screening of molecular libraries for the RNA methyltransferase METTL3-14-WTAP complex and characterize their binding properties as well as effects on enzymatic activity. The binding of SAM to METTL3 according to AutoDock modeling. The most essential intermolecular interactions are hydrogen bonds between (1) SAM adenine N1 and Ile378 bridge NH; (2) SAM a-NH 2 and Asp395 carboxylate group; and (3) the SAM carboxylate group and Lys513 ammonium group. This structure is in accordance with the experimentally measured crystal structure of the SAM-METTL3 complex (Extended Data Figure 8d in Wang et al., 2016b) , which shows the binding of SAM with Aps395 and Asp377 residues of METTL3. (B) The binding site of methylpiperidine-3carboxylate (1). (C) The compound structures with the highest docking free energies DG and docking efficiencies DE to METTL3-METTL14 complex.
RESULTS

Virtual Screening Enabled to Identify METTL3-METTL14 Complex Small-Molecule Ligands
The crystal structure of the METTL3-METTL14 complex with S-adenosyl-Lhomocysteine (SAH) (PDB: 5K7W) was chosen for the molecular modeling by removing the native ligand from the structure. The binding site of S-adenosyl-L-methionine (SAM) was thus selected as the target area for potential METTL3-METTL14 RNA methyltransferase complex ligands. As reported by Wang et al. (2016a) , there are several distinct regions of probable interactions between the ligand and enzyme. First, the amino group of the adenosyl fragment of SAM is hydrogen bonded with Asp377 of the METTL3 of the enzyme. This interaction is confirmed by our molecular docking calculations (cf. Figure 1A) . The binding is further supported by another bond between the adenine N1 atom and an adjacent peptide bond NH group. The adenine ring is sandwiched between Phe534 and Asn595, while many polar contacts help to hold the hydroxyl groups on the ribose as well as the amino and carboxyl groups of SAM (Wang et al., 2016b) . The terminal amino group of SAM acts as a hydrogen bond donor to the Asp395 of the catalytic center of the enzyme.
Based on this structure, we proceeded with the search of effectively binding small-molecule fragments. The compounds were selected based on the configuration of the protein residues that are hydrogen bonded to the tail part of SAM. A virtual screening on ZINC (Irwin and Shoichet, 2005) and DrugBank 4.0 (Law et al., 2014) databases was carried out using diverse nitrogen-containing heterocycles as base structures. Remarkably, we found a series of compounds with piperidine and piperazine rings having exceptionally high docking efficiencies. The docking free energies and docking efficiencies of the best compounds are given in Figure 1C . Similarly to SAM itself, these compounds tend to be bound to the region of the METTL3 protein involving Asp295, Phe534, Arg536, and Asn539 (cf. The molecular dynamics simulations were thereafter carried out for two compounds, representing the two different promising scaffolds, compounds 1 (piperidine derivative) and 4 (piperazine derivative), respectively.
In the case of compound 1, a 50-ns simulation involved the ligand in protonation that is present at physiological pH values. In this simulation, after 30 ns, an instability was observed in the ligand position root-mean-square deviation (RMSD). Therefore, only the first 25 ns were taken into account in the further trajectory and energy analysis ( Figure S1A ). Another hydrogen bond was detected between the ligand carbonyl group and the terminal ammonium group of Lys513 ( Figure S1B ). The simulation interactions diagram (cf. Figure S1C ) indicates that the most important interactions for this compound are hydrogen bonds between the protonated nitrogen atom of the ligand and the Asp395 and Lys513 residues of the METTL3-METTL14 protein.
The bar heights in this diagram characterize the fraction of simulation time that the specific interaction was maintained. The instability in the ligand trajectory after some time is apparently caused by moving out from a very tight specific pocket close to the SAM binding site ( Figure S1D ).
The results of the molecular dynamics simulation of methyl piperazine-2-carboxylate (4) are summarized in Figure S2 . The simulation was carried out for 25 ns, and the trajectory analysis shows the stability of the system during the calculation ( Figure S2A ). Similarly to the compound 1, there is another hydrogen bond between the ligand carbonyl group of compound 4 and Arg536 of the protein ( Figure S2B ). The simulation interactions diagram (cf. Figure S2C ) reveals a very strong hydrogen bonding between the hydrogen piperazinyl-4ammonium group and carboxylate group of the Asp395 residue of METTL3-METTL14 protein. The compound is bound to the same tight specific pocket at the SAM binding site ( Figure S2D ).
A completely different binding mode was established for compound 3. Due to the methyl group in the para-position to the ester functionality at the piperidine ring, the binding in the pocket shown in Figures S1 and S2 is hindered. Instead, a strong binding with the aspartate residue Asp571 is preferred, having both hydrogen bonding and ionic interaction components ( Figure S3 ). This may explain the difference in the surface plasmon resonance (SPR) data, shown in the following text, as compared to other compounds. However, compound 3 still has an increasing effect on the METTL3-14-WTAP methylating activity; thus, the pocket proposed for other compounds may still be competitive.
To further specify the nature of the ligand-protein interactions, the molecular mechanics energies combined with the generalized Born and surface area (MM/GBSA) continuum solvation method (Genheden and Ryde, 2015) binding energy calculations were carried out using data from molecular dynamics simulations. In the MM/GBSA, the free energy of a state (ligand or enzyme) is estimated from the following sum:
where the first three terms are standard molecular mechanics energy terms from bonded (bond, angle, and dihedral), electro-static, and van der Waals interactions. G pol and G np are the polar and non-polar contributions to the solvation free energies. G pol is typically obtained by solving the Poisson-Bolzmann equation or by using the generalized Born (GB) model (giving the MM/GBSA approach), whereas the non-polar term is estimated from a linear relation to the solvent accessible surface area. The last term in Equation 1 is the absolute temperature, T, multiplied by the entropy, S, estimated by a normal-mode analysis of the vibrational frequencies.
The results for the lowest binding energy states are given in Table S1 . The total binding energies are large for both compounds and predict possibly significant biological effects. However, it is instructive to compare the contributions arising from different physical interactions to the binding energies. For compound 1, the electrostatic interaction energy between the ligand and enzyme and the polar (de)solvation energy almost exactly cancel each other out. The binding energy is thus primarily determined by large van der Waals and nonpolar solvation terms. Consequently, this relatively small compound is strongly bound to the enzyme due to specifically oriented van der Waals and nonpolar solvation (lipophilic) interactions. For compound 2 having the additional hydrocarbon t-butyl-group, the contribution from the van der Waals interactions is expectedly higher. Compound 4, with two nitrogen atoms in the piperazinyl ring, has electrostatic interaction as the leading term into the free energy of binding. This is consistent with the results of the molecular dynamics simulation that showed the strong bonding between the positively charged piperazinyl-4-ammonium group and carboxylate group of the Asp395 residue of METTL3-METTL14.
METTL3-14-WTAP Binding Affinity and Kinetics of Small-Molecule Ligands
The interaction between the small-molecule ligands and METTL3-14-WTAP complex was studied using the enzymecatalyzed RNA methylation and the SPR using a Biacore T100 (GE Healthcare Life Sciences) instrument (cf. STAR Methods). All compounds demonstrated METTL3-14-WTAP binding in a concentration-dependent manner. As determined by the Biacore assay, carried out as duplicate independent series on two separate chips, the compounds' dissociation constants, K D s, are in the ascending order 3 < 1 < 4 < 2.
Smoothed ligand association-dissociation curves are shown in Figure 2 .
The ligand association rate constant (k a ), dissociation rate constant (k d ), and K D values were calculated from fitted curves based on the Biacore association-dissociation values (cf. Figure 2). Compound 2 demonstrated the weakest binding, and compound 3 demonstrated the strongest binding to the purified and Biacore chip-conjugated METTL3-14-WTAP m6A writer complex.
Due to the compounds' unexpectedly strong binding energies, we selected to test the effect of compounds 1 and 4 at variable concentrations on SAM binding to the METTL3-14-WTAP enzyme. A constant concentration of compound 1 (1 nM to 100 nM) or 4 (25 mM) in the running buffer was used in separate Biacore experiments to determine their effects on the K D for SAM binding (Figure 3 ).
The efficacy of SAM binding showed a clear increase with already at the lowest concentration of the added compound 1 ( Figure 3A ). The effect of this compound on SAM binding was then compared to that of the piperazinyl derivative 4 at a higher concentration (the compounds have similar molecular weight). Both compounds significantly increased SAM binding to the METTL3-14-WTAP enzyme. The K D value for SAM binding in the presence of compound 1 was 4.7 ± 1.5 nM, and in the presence of compound 4 at a 25-mM concentration, the K D value for SAM binding was 13.7 nM ( Figure 3D ). In comparison, in the absence of the compounds, SAM exhibited a K D of 1.92 mM, suggesting that the studied small-molecule ligands act by enhancing the binding of SAM by several orders of magnitude.
Methyl transfer from the 3 H-SAM to the reported METTL3-14-WTAP-methylatable RNA oligonucleotide sequence 5 0 -uacacucgaucuggacuaaagcugcuc-biotin-3 0 Lin et al., 2016) was utilized in a radioactivity-based assay to evaluate the effect of the designed ligands on the activity of HEK293-cell-expressed and FLAG-tag-purified METTL3-14-WTAP complex ( Figure 5 ). In order to validate the enzymatic assay's radioactive signal readout, we utilized unlabeled nontritiated (non-3 H) SAM to achieve competitive incorporation of both unlabeled and 3 H-labeled methyl groups to the substrate oligonucleotide probe. As expected, the non-3 H SAM concentration-dependently reduced the radioactive signal, causing a pseudoinhibitory effect in the assay with a half maximal inhibitory concentration (IC 50 ) of 0.537 mM ( Figure 4A ). We then further validated our METTL3-14-WTAP enzymatic assay by testing the effect of the demethylated SAM analog and a known methyltransferase inhibitor, SAH. The enzymatic reaction, as evaluated by 3 H-methyl group incorporation into the METTL3-14-WTAP-specific oligonucleotide probe, was concentrationdependently inhibited by SAH with an IC 50 of 0.281 mM ( Figure 4B ).
As an additional control for the validation of the assay, we utilized the structurally SAM-related nucleoside methyltransferase inhibitor sinefungin. Sinefungin expectedly inhibited the METTL3-14-WTAP activity, with an IC 50 of 2.36 mM ( Figure 4C ). The observed IC 50 concentrations of SAM, SAH, and sinefungin correspond to those inhibitory IC 50 concentrations as reported in the literature for these compounds on different methyltransferases (Aktas et al., 2011) .
We then evaluated the effect of the computationally predicted strong ligands on METTL3-14-WTAP complex function in the enzymatic assay. Importantly, the results presented in Figures  5A -5D indicate that the tested compounds are not acting as inhibitors of the catalytic reaction but significantly increase the METTL3-14-WTAP complex activity. As evaluated from the enzymatic assay results, the EC 50 values for all tested compounds are given in Figure 5 . In terms of their increasing EC 50 s, the order of the activating compounds was 1 < 4 < 3 < 2. Thus, compound 4 showed the most potent METTL3-14-WTAP enzyme activating effect (cf. Figure 5D ).
Compared to the other compounds tested, compound 3 exhibited unique and robust binding behavior to METTL3-14-WTAP complex ( Figure 2C ). This type of binding is comparable to the effect compounds 1 and 4 have on SAM binding to the protein complex (Figure 3 ). In the enzymatic assay, compound 4 emerges as the most potent activator of the METTL3-14-WTAP RNA-methylating complex.
In order to validate the predicted binding site for the smallmolecule ligands, the binding experiments were carried out for two mutant proteins of METTL3. Those were the singly mutated 1xmut1 (W373A), 1xmut2 (D395A), and 2xmut (W373A and K513A) proteins, respectively. The binding of the small-molecule ligand 4 was measured using Bio-Layer Interferometry technology with streptavidin sensors (cf. STAR Methods). The binding of compound 4 to the METTL3 protein itself was very similar to the binding to the METTL3-14-WTAP complex measured using SPR (K D = 3.92 ± 0.26 , 10 À5 M). The binding of compounds to the mutated proteins 1xmut1, 1xmut2, and 2xmut was not detectable within the sensitivity of the instrument ( Figure S4 ).
Cellular Assays
In order to evaluate the cytotoxicity of the METTL3-14-WTAP complex activators, HEK293 cells were treated with increasing concentrations of the compounds 1-4 for 24 h. No cytotoxicity was observed at up to 100-mM concentrations for all compounds ( Figure 6A) . Compound 1 was also tested at a very high, 10-mM concentration, and at this concentration, it demonstrated a cytotoxic effect on the HEK293 cells (data not shown).
In order to extend the in vitro enzymatic assay results to the cellular level, we quantified the levels of m6A in RNA after a 2-h treatment with or without the compounds. Compound 1 increased the relative m6A amount by 21.4% ± 12.9%; compound 2, by 16.1% ± 5.2%; and compound 3, by 20.3% ± 15.5% as compared to the vehicle-treated controls ( Figure 6B ). Compound 4 did not significantly affect the m6A in the total RNA sample at the selected 2-h time point. The results suggest that activation of METTL3-14-WTAP, as observed in silico and in vitro experiments, is biologically translatable on the cellular level in HEK293 cells.
Cell-cycle analysis using propidium iodide staining of DNA in compound-treated HEK293 cells showed a proliferative effect with compounds 3 and 4. Incubation of HEK293 cells with compound 3 shifted the cell-cycle profile toward the mitotic phase after 24 h ( Figure 6C ). Compound 4 demonstrated a concentration-dependent increase in the number of cells at the S-phase of the cell cycle. The early-stage m6A increase in compound 3 translated to an increase in mitotic cells, whereas all compounds 1-3 that increased RNA m6A produced an overall significant change in cells at the G0 and G1 phase as compared to control cells. At G0 and G1, treatment with these compounds diminished the overall variation in staining intensity, suggesting a cell-cycle harmonizing effect with these compounds. Compound 4 increased the amount of DNA-synthesizing cells after 24 h, suggesting a similar but delayed effect on cell proliferation as that of compound 3. The compounds' effect on adenosine N-6 methylation in RNA was evaluated in unstressed HEK293 cells by liquid chromatography-tandem mass spectrometry (LC-MS/MS). The cells were incubated for 2 h in the presence of 1-pM to 10-mM concentrations of the compounds, vehicle control, or 1 mM meclofenamate-an FTO inhibitor. RNA was isolated and fractionated, followed by m6A and total adenine quantification in both poly(A)-enriched (mRNA) and poly(A)depleted (predominantly rRNA) fractions. The relative m6A values represent the percentage of total m6A normalized to total adenine. At 1-nM and 1-mM concentrations, compound 3 produced a significant increase in the mRNA fraction's m6A abundance as compared with vehicle-or meclofenamate-treated control (1 nM: 41% and 21%; 1 mM: 8.2% and 26%, respectively; Figure S5A) . At 10 mM, all four compounds decreased mRNA m6A values. Increased m6A amounts, as compared to vehicle-treated control cells, were measured from the rRNA fraction with 1-pM concentrations of all compounds (45%, compound 1; 49%, compound 2; 57%, compound 3; and 55%, compound 4; Figure S5B) . For compounds 2 and 4, this effect remained significant up to 1-mM concentrations. Figure S5C shows the relative selectivity of the compounds toward mRNA or rRNA. Overall, the compounds demonstrated selectivity for rRNA at low concentrations, whereas at 1 nM or higher concentrations, no preferential selectivity over mRNA or rRNA was observed for compounds 2 and 3. Notably, a significant decrease in m6A amount relative to total adenine was observed at the 10-mM concentration. This effect was uniformly seen for all compounds studied. It is feasible to assume that cells thriving for homeostasis can react to activating compounds with the induction of counteracting pathways, as is suggested by the effect of higher concentrations of the METTL3-14-WTAP-activating compounds in the cellular assays. Interestingly, the high concentration treatment of the compounds resulted in reduced m6A in both mRNA and rRNA fractions. It is possible that this effect reflects an as-yet-unknown crosstalk in RNA m6A decoration and further underscores the need for charting the essential biological pathways taking part in chemical modifications to RNA. The small molecules presented here can be helpful in elucidating the dynamics of m6A regulation by methyltransferases and demethylases (Rosa-Mercado et al., 2017; Nachtergaele and He, 2018) and in deciphering the roles and crosstalk of these enzymes in the regulation of m6A in the various RNA species (Nachtergaele and He, 2017) .
DISCUSSION
We present here the in silico discovery and experimental validation of METTL3-14-WTAP enzyme activators. Taken together with the experimental data, the modeling results provide further insight into the mechanism of enzyme activation by the studied compounds. The docking of active compounds shows that the piperidine and piperazine rings of these small ligands are deeply embedded into the structure of METTL3-METTL14 protein (cf. Figures S1D and S2D) . The simultaneous docking of compound 4 and SAM to the protein displays the close proximity of these two compounds in the active center of the protein (Figures  7 and S6) . The binding site is also confirmed by studying the binding of this compound to the single-and double-mutated METTL3 (cf. above). The interaction between the carbonyl oxygen atoms of the studied series of ligands and the methylation reaction center at the sulfur atom of the methionine group of SAM increases the binding affinity of the latter and may also lower the energy barrier of the substrate RNA methylation reaction. It has been shown by density functional theory calculations that there is a significant stabilizing non-covalent stabilizing interaction between the sulfonium ions and the carbonyl group (Hussain et al., 2015) .
This remarkable activation of the METTL3-14-WTAP-catalyzed RNA methylation by the small-molecule ligands opens a fascinating possibility to regulate this process in a much more controlled way by using the concentration-controlled influence of the activator compounds. The m6A writer complex is a heteromer composed of METTL3, METTL14, and WTAP . Interaction with WTAP enables effective m6A modification and controls the complex's localization to specific nuclear loci. Other interacting proteins that can further modify the complex's nuclear targeting include RNA polymerase II (RNAPII) (Slobodin et al., 2017) , ADP-ribose polymerase (PARP), DNA polymerase kappa (Pol k) (Xiang et al., 2017) , KIAA1429 (Schwartz et al., 2014) , zinc finger protein 217 (ZFP217) (Aguilo et al., 2015) , and RNA binding motif protein 15 (RBM15) (Patil et al., 2016) . An additional level of control on the amount of m6A in the cell is then exerted by m6A eraser proteins or demethylases such as FTO (Jia et al., 2011) and alkB homolog 5 (ALKBH5) (Zheng et al., 2013) . Interestingly, the message conveyed by specific m6A modification is then translated by m6A readers (Batista, 2017) , the specific functions of which are currently unveiling. N-6 methylation of adenosine in RNA transcripts has been shown to modify the binding and affinity of RNA binding proteins (Batista, 2017) .
In the HEK293 cellular assay, treatment with compound 3 produced an increase in m6A at 2 h that was associated with cell proliferation at the 24-h time point. Compound 4 increased the amount of DNA-synthesizing cells after a 24-h incubation, suggesting that both compounds 3 and 4 are modulators of cell proliferation. The effect of compound 4 on RNA methylation at 2 h, however, remained at the baseline level, suggesting a more delayed effect. Dynamic methyltransferase-demethylase activities control the cellular concentrations of m6A in both mRNA and rRNA. When the compounds were used to activate METTL3-14-WTAP in cells, a significant increase over 40% in mRNA A B C Figure 6 . Effects of Compounds 1-4 on Cytotoxicity, Cell Cycle, and Total RNA m6A in HEK-293 (A) Quantification of propidium iodide (PI)-negative, live cells after a 24-h incubation of HEK293 cells with the compounds 1-4 (50,000 events). (B) Amount of m6A in total RNA isolated from HEK293 after a2-h incubation with the compounds 1-4 (N = 3; for compound 3, N = 9) as compared to the amount of m6A in total RNA of vehicle-treated HEK293 cells. (C) Analysis of cell-cycle stages in serum-starved cells after a 24-h treatment with compounds 1-4 (50,000 events). Cntrl, vehicle-treated control cells; Sine, cells treated with 150 mM sinefungin.
m6A was observed with 1 nM of compound 3. This result suggests that compound 3 may act as the lead for further development of more potent biologically active METTL3-enzyme complex activators. The cellular effects of these discovered compounds require further studies and depend most likely not only on cell type and phenotype but also on the activity of RNA demethylating enzymes such as FTO or ALKBH5. It is feasible to assume that cells thriving for homeostasis can react to activating compounds with the induction of counteracting pathways.
The discovery of activators of the m6A writer complex provides an important upstream means for increasing cellular m6A amounts. In contrast to FTO inhibitors that rely on the baseline activity of m6A writing to be effective, these small-molecule m6A writer activators can be envisioned to help, for example, targeted guidance of cells to specific phenotypes or control of cell viability and pluripotency. Although the precise cell-type-specific and temporal differentiation phase-dependent events and specific targets of RNA methylation still remain largely elusive, recent research indicates that controlling the activity of RNA adenosine-modifying enzymes with small-molecule drugs holds promise for therapeutic modulation of cell differentiation-dedifferentiation-redifferentiation pathways (Meyer and Jaffrey, 2017) . Recently, the increased m6A and activity of METTL3 were reported to be associated with DNA repair and cell survival after UV-light-induced DNA damage (Xiang et al., 2017) . Moreover, a critical role for active methyltransferase and m6A was described in driving axonal regeneration (Weng et al., 2018) . In general, the variety of potential therapeutic applications for the small-molecule m6A writer activators ranges from cancer to viral diseases (Cui et al., 2017; Du et al., 2015; Jaffrey and Kharas, 2017; Lichinchi et al., 2016) . Further research and development of small-molecule compounds that activate adenosine N-6 methylation of RNA for, for example, driving or activating tissue-regenerative responses or modifying cellular responses to stress can yield control over the m6A transcriptional landscape to open new possibilities in m6A-targeted pharmacotherapeutics. Importantly, the role of m6A writer activators in metabolic diseases (possibly combined with, e.g., FTO inhibition) warrants further studies. The discovery of small-molecule activators, as presented here, opens up a new avenue in epitranscriptomics.
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Detailed methods are provided in the online version of this paper and include the following: 
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STAR+METHODS KEY RESOURCES
METHOD DETAILS
Molecular modeling
Several crystal structures of the METTL3-METTL14 complex are available at the Protein Data Bank, reported by different groups , Wang et al., 2016b Sled z and Jinek, 2016; Zhou and Pan, 2016) . We selected the structure of the METTL3-METTL14 complex with the S-adenosyl-L-homocysteine (SAH) as describing the potential target binding site for a small-molecule ligand. The crystal structure of this complex (PDB: 5K7W) had been measured by X-ray diffraction with resolution 1.65 Å . It has been suggested that METTL3 may be the only active methyltransferase in the heterodimeric complex .
The raw crystal structures were corrected and hydrogen atoms were automatically added to the protein using Schrö dinger's Protein Preparation Wizard of Maestro 10.7 (Sastry et al., 2013) .
AutoDock 4.2 (Morris et al., 2009 ) was used for the docking studies to find out binding modes and binding energies of ligands to the receptor. The number of rotatable bonds of ligand was set by default by AutoDock Tools 1.5.6 (Morris et al., 2009) . However, if the number was greater than 6, then some of rotatable bonds were made as non-rotatable, otherwise calculations can be inaccurate. The active site was surrounded with a grid-box sized 65 3 65 3 65 points with spacing of 0.375 Å . The AutoDock 4.2 force field was used in all molecular docking simulations. The docking efficiencies (DE) were calculated as follows
where DG dock is the docking free energy and N is the number of non-hydrogen (''heavy'') atoms in the ligand molecule. The structure of ligand molecules was optimized using the density functional theory B3LYP method (Stephens et al., 1994) with 6-31G basis set.
The molecular dynamics simulations were carried out using Desmond simulation package of Schrö dinger LLC (Bowers et al., 2006) . The NPT ensemble with the temperature 300 K and pressure 1 bar was applied in all runs. The simulation lengths were 25 ns and 50 ns with relaxation time 1 ps. The OPLS_2005 force field parameters were used in all simulations (Banks et al., 2005) . The long range electrostatic interactions were calculated using the Particle Mesh Ewald method (Toukmaji and Board, 1996) . The cutoff radius in Coulomb' interactions was 9.0 Å . The water molecules were described using SPC (simple point charge) model (Zielkiewicz, 2005) . The Martyna-Tuckerman-Klein chain coupling scheme (Martyna et al., 1992) with a coupling constant of 2.0 ps was used for the pressure control and the Nosé -Hoover chain coupling scheme (Banks et al., 2005) for the temperature control. Nonbonded forces were calculated using an r-RESPA integrator where the short range forces were updated every step and the long range forces were updated every three steps. The trajectories were saved at 4.8 ps intervals for analysis. The behavior and interactions between the ligands and enzyme were analyzed using the Simulation Interaction Diagram tool implemented in Desmond molecular dynamics package. The stability of molecular dynamics simulations was monitored by looking on the root mean square deviation (RMSD) of the ligand and protein atom positions in time. For a system involving N atoms, RMSD is defined as follows:
where r ! ai and r ! aj are the position vectors of atom a at the consecutive time moments i and j, respectively. We have carried Multiple Molecular Dynamics Simulations with 10 and 25 ns lengths. This methodology is widely accepted and can sample enough conformational space as longer, single trajectory simulations (Park et al., 2006; Killian et al., 2009 ). This sampling is expected to give more stable results than one long molecular dynamics simulation. The graphs in respective Figures are given for representative 25 ns runs.
Cytotoxicity and cell cycle analyses
For these assays, HEK293 cells were exposed to the four compounds of varying concentrations or 150 mM sinefungin for 24h. For the cytotoxicity assay live cells were collected, washed and stained with propidium iodide (PI). The cell cycle assay cells were collected washed and fixed with ice-cold 70% ethanol at À20 C and subsequently stained with PI. The PI-treated samples underwent a flow cytometric analysis with the BD Accuri C6 flow cytometer, using excitation and emission wavelengths l Ex = 488nm and l Em = 540nm.
RNA work
Semi-confluent cultures of HEK293 cells were incubated with the compounds 1-4 for 2h and the total RNA was collected using the TRIzol reagent. The purification of RNA was done according to the manufacturer's protocol.
For LC-MS/MS the total RNA of approx. 3 million compound-treated HEK293 cells were collected. 0.1% DMSO and 1 mM meclofenamate were used as controls. Processing purified RNA with PolyATtract mRNA Isolation Systems IV yielded mRNA (Poly-A enriched) and rRNA (Poly-A depleted) fractions. 300 ng of each RNA fraction was digested with 2 U of nuclease P1 in 25 mM of NaCl and 2.5 mM ZnCl 2 at 37 C for 2h, followed by an incubation with 0.5 U alkaline phosphatase and 3 mL of 1 M NH 4 HCO 3 for 2h at 37 C. All RNA concentrations were measured with NanoDrop. In preparation for LS-MS/MS analysis, sample was diluted to 50 mL and filtered with 0.22 mm pore size, 4mm diameter PVDF syringe filter.
to wells on streptavidin-coated 96-well plate and incubated for additional 1h at room temperature. After that, the plate was washed with sterile 20 mM Tris pH 7.5 2x, the results were acquired using 2450 MicroBeta â liquid scintillation counter. The scintillation counts were proportional to amount of methylated RNA.
SPR measurements of ligand-protein binding SPR measurements were performed with a Biacore T100 at 25 C. The instrument was cleaned using an in-build ''desorb'' protocol before a new CM5 series S sensor chip was docked and primed at least three times with a 1.02x PBS-P+ buffer (10x PBS-P+). After the priming, the sensor chip was preconditioned with two 20 mL injections, each of 50 mM NaOH, 100 mM HCl and 0.05% SDS with a flow rate of 100 mL/min. After preconditioning, the detector signal was normalized with 70% glycerol and the system was re-primed. All used glassware was rinsed with 50 mM NaOH and filtered, deionized water before use and all used buffers were sterile filtered and degassed before each experiment.
a 2 -Macroglobulin (10 mg/mL) and METTL3-METTL14 (100 mg/mL) diluted in 10 mM sodium acetate with and without 50 mM NaCl (pH 4.0), were immobilized on reference and active flow cells, respectively, to a surface density of approximately 12000 RU by using standard amine coupling (Johnsson et al., 1991) . The carboxymethyl dextran surface was activated with a 7-min injection of a 1:1 ratio of 0.4 M EDC ((1-ethyl-3-(3-dimethylaminopropyl) carbodiimide) and 0.1 M NHS (N-hydroxysuccinimide). Immobilized proteins were injected onto the flow cells using a flow rate of 10 mL/min for 420 s and remaining amine-reactive NHS-esters were blocked with 1 M ethanolamine-HCl (pH 8.0) using 1.02x PBS-P+ as a running buffer.
Protein mutant binding study using Bio-Layer Interferometry The binding of compound 4 to the METTL3 protein mutants was carried out using Bio-Layer Interferometry instrument Octet K2 with Streptavidin sensors. Sensors were equilibrated offline in PBS for 10 min and then monitored on-line for 60 s for baseline establishment. For binding measurement, sensors were loaded with METTL3 or its mutants for 180 s, afterward they were transferred to PBS for 60 s for baseline establishment and then to ligand solutions for association for 180 s. Afterward sensors were transferred to PBS for 5 min for off-rate measurement. Kinetics data were fit using a 1:1 binding global model of data analysis software provided by Forte Bio.
LC-MS/MS analysis of RNA fractions
Analysis of nucleosides was performed with Nexera X2 UHPLC instrument with triple quadrupole (MS/MS) system 8050, both from Shimadzu. Injected sample volume was 5 mL. Chromatographic separation of adenosine and 6-methylated adenosine was done with reversed phase column (2.1x100 mm, 1.7 mm Waters). UHPLC eluent were A, 10 mM ammonium formate at pH 5 and B, methanol. Gradient elution was from 5% to 25% B in 5 minutes, followed 4 minutes at 5% MeOH total flow being 400 mL/min. Retention times of monitored adenosines were 3.6 and 5.6 minutes respectively. Mass spectrometer was set to positive electrospray ionization mode with daughter ion analysis mode (MS/MS) (Ade 268 -> 136 m/z and 6mAde 282-> 150 m/z) using collision energy 7 and 21 respectively. Ion optimization was done using automatic tuning with source capillary temperature at 400 C and 250 C was used as transfer line temperature. A mixture of Nitrogen and Air was used as electrospray ionization gases and Argon was used as collision gas. Quantitation of sample analysis was done with instruments quantitation program for adenosine at 1 to 10,000 nM and for 6-methylated adenosine at 0.5 to 3,000 mM concentration ranges.
QUANTIFICATION AND STATISTICAL ANALYSIS
Enzymatic assay curve-fitting analysis (Figures 4 and 5) and determination of the IC 50 and EC 50 values were performed using Graph-Pad Prism software (version 7). This software was also used for graphical representation of smoothed Biacore association-dissociation curves (Figures 2 and 3) as well as for the graphs for dot-blot and LC-MS/MS. In Figures 2 and 3 the per second values were smoothened by averaging values per five-second intervals. Statistical significance was assessed using one-way ANOVA and unpaired t test with the GraphPad Prism software. Results were considered statistically significant at p values lower than 0.05. SEM denotes standard error of the mean, and N values represent the numbers of replicates in each experiment.
